Abstract: Graft copolymer of natural rubber (NR) and poly(dimethyl (methacryloyloxymethyl) phosphonate (PDMMMP) (i.e., NR-g-PDMMMP) was prepared and used as a blend compatibilizer in 50/50 NR/EVA simple blends. Influence of various loading levels of NR-g-PDMMMP (i.e., 0, 1, 3, 5, 7, 9, 12 and 15 wt% of NR) on rheological, dynamic, mechanical and morphological properties was investigated. The results showed that the best compatibilization effect was observed in the blend with a loading level of NR-g-PDMMMP at 7 wt%. That is, the highest complex viscosity, tensile strength, elongation at break as well as the lowest values of tension set and tan δ value (i.e., damping factor) were observed. This indicates the highest mechanical strength and the supreme elastic response of the material. Morphological properties of 50/50 NR/EVA blends with any loading levels of NR-g-PDMMMP compatibilizer showed co-continuous phase system. However, in the NR/EVA blend with NR-g-PDMMMP at a loading level of 7 wt%, the finest phase morphology was observed. The 50/50 NR/EVA blend with lower and higher loading amounts of NR-g-PDMMMP compatibilizer exhibited inferior dynamic, mechanical properties as well as larger phase morphologies.
Introduction
Blending rubber and thermoplastic is a technique used to prepare materials with desired combinations of properties. However, immiscible polymer blends have been generally encountered. This leads to disadvantages such as poor mechanical properties due to lack of physical and chemical interactions at the interface or phase boundaries as well as poor interfacial adhesion [1] . The immiscible blends are also thermodynamically unstable [2] . It has been well established that the addition of blend compatibilizer such as block or graft copolymers [3] [4] [5] [6] [7] makes the immiscible polymer blends more compatible and improves their physical properties [8] , creates finer phase morphologies and increases interfacial adhesion [9] . Natural rubber and thermoplastic blends are currently the main interest areas. They have been prepared with various types of blend compatibilizers. For instance, graft copolymer of polypropylene and maleic anhydride (PP-g-MA) and phenolic modified polypropylene (Ph-PP) were used as blend compatibilizers in maleated natural rubber (MNR)/PP blends [10] . The highest shear viscosity, mechanical strength and elastomeric properties were observed in the TPVs with a loading level of compatibilizers of 5 wt% of PP because of chemical interaction between different phases of MNR and PP in the blend compatibilizers. The phenolic modified polypropylene (Ph-PP) and graft copolymer of maleic anhydride and polypropylene (PP-g-MA) were also used as blend compatibilizers in epoxidized natural rubber (ENR)/PP blends [11] . It was found that the blend with compatibilizer exhibited superior mechanical properties (i.e., tensile strength, hardness, and set properties) and showed smaller phase morphology than that of the blend without compatibilizer. Graft copolymer of HDPE and maleic anhydride (i.e., HDPE-g-MA) and two types of phenolic modified HDPEs (i.e., PhSP-PE and PhHRJ-PE) prepared by using phenolic resins SP-1045 and HRJ-10518 respectively also showed positive compatibilization in ENR/HDPE blends [12] . Therefore, compatibility of polymer blend depends on the nature of the chemical structure and functional groups presence in the polymer pairs and blend compatibilizers.
Oommen [13] reported the addition of NR-g-PMMA as a blend compatibilizer of NR/PMMA blends. It was found that the graft copolymer compatibilized the blend by acting as an emulsifier which locates at the interface and extends the molecular segments into the homopolymer phases. Chattopadhay [14] studied compatibility of polystyrene (PS) and natural rubber blends by addition of block copolymer of styrene and isoprene (PI-b-PS) as a blend compatibilizer using viscometric and phaseseparation techniques. It was also claimed that the block copolymer compatibilizer acted as an emulsifier which locates at the interface. Furthermore, El-Sabbagh [15] reported the incorporation of EPDM-g-MA compatibilizer in the NR/EPDM blends and found it greatly enhanced blend compatibility.
In the present work, compatibility of NR/EVA simple blends (i.e., the blend without curative) was investigated by the addition of graft copolymer, NR-graftpoly(dimethyl(methacryloyloxymethyl)phosphonate) (NR-g-PDMMMP). Influence of loading level of NR-g-PDMMMP on rheological, dynamic, mechanical and morphological properties of the blends was investigated. 1 H-NMR spectrum of NR-g-PDMMMP prepared with a level of DEDT-NR unit of 4 mol% with a reaction time of 3 h is shown in Figure 1 . It is seen that the proton of carbon-carbon double bond -C(CH 3 )=CH-of NR backbone occurred at a chemical shift (δ) of 5.1 ppm (H a ). Also, the presence of the PDMMMP-grafted site indicated by proton of dimethyl and methylenoxy at δ = 3.8 ppm (H d ) and δ = 4.25 ppm (H c ), respectively. Figure 2 shows infrared spectrum of NR-g-PDMMMP. Absorption peaks at 1258, 1052 and 968 cm -1 corresponding to the P=O, P-C-O and P-O-CH 3 vibrations in the NR-g-PDMMMP, respectively were observed [19] . This confirms the molecular structure of the graft copolymer, NR-g-PDMMMP. Figure 3 shows complex viscosity as a function of frequency of 50/50 NR/EVA blends with various loading levels of NR-g-PDMMMP compatibilizer. It is seen that the NR/EVA blends showed shear-thinning behaviour. That is evidenced by the decrease in complex viscosity with increasing frequency (or shear rate). The complex viscosity at a given frequency (i.e., 0.38, 0.5 and 1.0 rad/s) is shown in Figure 4 . It can be seen that the complex viscosity increased with increasing loading levels of NR-g-PDMMMP until 7 wt% where the maximum value was observed. Further, adding NRg-PDMMMP higher than 7 wt% caused a decreasing trend of the complex viscosity. It is also seen that the complex viscosity of the 50/50 NR/EVA blends with NR-g-PDMMMP compatibilizer indicates positive deviation blends (PDBs), according to the following log-additive rule [20, 21] :
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Rheological properties
where η i and η B are the viscosity of the ith component and that of the blend and w i is the weight fraction of the ith component. Compatible or partially compatible blends typically lead to a positive deviation in rheological properties, such as viscosity, die swell, etc., and are termed PDBs. It is therefore concluded that the blends of 50/50 NR/EVA with NR-g-PDMMMP compatibilizer were partly compatible blends. This is attributed to interfacial interactions (i.e., polar-polar interaction, H-bonding, dipole-dipole interaction, etc.) between different phases.
During the melt blending, the compatibilizer molecules were forced to locate at the interface of NR and EVA. Therefore, the polar functional groups in NR-g-PDMMMP could interact with polar functional groups in EVA while the NR backbones are This leads to a reduction in interfacial tension and an improvement of interfacial adhesion and hence an increasing level of chemical and physical interaction between the distinct phases (i.e., NR and EVA). Therefore, an increasing trend of complex viscosity was observed with increasing loading level of the NR-g-PDMMMP compatibilizer, as evidenced in Figure 4 . However, a decreasing trend of the complex viscosity was observed after loading level of the blend compatibilizer was higher than 7 wt%. This may be attributed to the concentration of the NR-g-PDMMMP reaching above critical micelle concentration (CMC) where the majority of interfacial areas were occupied by the compatibilizer. As a consequence, the formation of micelles or a third component [23] [24] [25] was observed at high concentration of NR-g-PDMMMP (i.e., higher than 7 wt%). The micelles could act as lubricant in the blend system, as shown schematically in Figure 5 . This could cause a decrease of flow resistance and hence viscosity. Similar phenomena was observed in maleated natural rubber (MNR)/PP blends with PP-g-MA and Ph-PP compatibilizers [10] . In the later case, the log-additive rule successfully predicted the blend compatibility of MNR/PP blends as partially compatible blends. 
Dynamic properties
Figures 6 and 7 show the variation of storage modulus of 50/50 NR/EVA blends compatibilized with different concentrations of NR-g-PDMMMP. It is seen that the addition of the compatibilizer caused an increasing trend of the storage modulus in the range of 0 to 7 wt% of NR-g-PDMMMP. Increasing concentration of the compatibilizer above 7 wt% caused a decreasing trend of the storage modulus. Therefore, the NR-g-PDMMMP compatibilizer at a loading level 7 wt% exhibited the maximum storage modulus. The result corresponds to the highest complex viscosity in Figure 4 . Therefore, the graft copolymer gave the best interaction between the phases at 7 wt% of NR. That is, greater capability of the graft copolymer which located at the interface to interact with both phases and to increase the adhesion between the phases. Figures 8 and 9 shows tan δ values which are the ratio between the loss and the storage modulus (i.e., Tan δ = G″/G′ ). It is seen that the lowest value of tan δ was observed in the blend with 7 wt% of NR-g-PDMMMP compatibilizer. Increasing or decreasing loading level of the NR-g-PDMMMP compatibilizer away from 7 wt% caused an increasing trend of the tan δ values. That is, the blend was losing its elasticity or elastic response when higher or lower content of NR-g-PDMMMP than 7 wt% was applied. Therefore, at this loading level of the blend compatibilizer (i.e., 7 wt%), the highest interaction between phases was observed and caused higher elastic response or lower viscous response of the material. 
Mechanical properties
The stress-strain curves of 50/50 NR/EVA blends with different loading levels of NRg-PDMMMP compatibilizer are shown in Figure 10 . It is seen that the blend with NRg-PDMMMP in a range of 9-15 wt% exhibited lower stress and elongation at break as well as area under the curves (i.e., toughness) than that of the blend without compatibilizer. However, the blend with compatibilizer in a range of 1-7 wt% showed higher values of the previous properties with the highest value at a loading level of . NR-g-PDMMMP = 7 wt% of NR. The results correspond to the trend of complex viscosity ( Figure 4 ) and storage modulus (Figure 7) . Negative results for the blend with the NR-g-PDMMMP compatibilizer higher than 7 wt% are attributed to formation of micelles as a third blend component, as previously described. They could lubricate and cause the weakness of EVA matrix as evidence from low complex viscosity (Figure 4 ), storage modulus ( Figure 7 ) and tensile properties (Figure 11 ), respectively. In Figure 10 , it is seen that incorporation of NR-g-PDMMMP in a range of 1-7 wt% caused an increasing trend of stress and elongation at break as well as the area under the curves. Increasing the level of the blend compatibilizer in these ranges possibly allows the blend compatibilizer to gradually cover the interfacial areas. At a loading level of 7 wt%, the blend compatibilizer might have the highest capability to occupy the interface area and creates the highest interfacial force between the NR and EVA interface as a consequence. This is evident from the highest tensile properties, complex viscosity and the lowest tan δ (Figure 9 ) of the blends at this concentration. Figure 11 shows the tensile strength and elongation at break of 50/50 NR/EVA blends with various loading levels of NR-g-PDMMMP compatibilizer. The results confirm the stress-strain at break (Figure 10 ) where the blend with NR-g-PDMMMP at a loading level of 7 wt% exhibited the highest value of tensile strength and elongation at break (i.e., 6.89 MPa and 605%, respectively). Higher and lower loading levels of the NR-g-PDMMMP than 7 wt% caused a decreasing trend of tensile strength and elongation at break. This confirms the saturation and occupancy of the interfacial areas by the blend compatibilizer component without generating the third blend component (or micells), as evidenced by the previous properties (i.e., rheological and dynamic properties). Also, inferior levels of the properties were observed at a loading of NR-g-PDMMMP lower than 7 wt%. In the later case, the interface might not be fully occupied and covered by the blend compatibilizers. Therefore, lower interaction between the phases would be a consequence. Also, the addition of compatibilizers higher than 7 wt% showed similar inferior properties due to a formation of a third phase which acts as a lubricant and weak point for stress concentration and hence failure. The trend of tension set values at different loading levels of compatibilizer is similar to the trend of tan δ (Figure 9 ). That is, the greatest elastomeric properties were observed at a loading level of blend compatibilizer of 7 wt% based on NR.
Morphological properties
Effect of loading level of NR-g-PDMMMP compatibilzer on morphological properties of 50/50 NR/EVA blends is shown in Figure 13 . It can be seen that all types of 50/50 NR/EVA blends showed co-continuous phase morphology where both phases are continuous phase. The cavitation represents the NR phase which was previously removed by means of extraction. It is clear that the addition of the compatibilizer at a loading level 7 wt% caused the blend to have the smallest phase size. This is attributed to the presence of optimum level of the graft copolymer at the interfacial region through the penetration of the copolymer chain segments into the corresponding adjacent phases. As a result, an increase of the interfacial adhesion between the NR phase and EVA phase was observed. The blend compatibilizer might also play a significant role on suppression of coalescence of new formed paricles and cause the stabilization of the blend morphology.
On the other hand, slightly increasing cavitaion sizes were observed in the blend with loading levels of NR-g-PDMMMP lower than 7 wt%. It is possibly because of lower interaction between the phases. Therefore, NR phase is more readily removed by means of the extraction. In the case of the blend with NR-g-PDMMMP higher than 7 wt%, the soluble third component of the NR-g-PDMMMP might also cause larger cavitation. Size of phase morphology may be correlated to rheological, mechanical and dynamic properties. It is seen that the blend with NR-g-PDMMMP compatibilizer at a loading level of 7 wt% exhibited the smallest phase morphology. The highest complex viscosity (Figure 4 ), storage modulus ( Figure 7 ), tensile strength and elongation at break ( Figure 11 ) as well as the lowest tan δ ( Figure 9 ) and tension set ( Figure 12 ) were observed.
Experimental part
Materials
Natural rubber (NR) used as a blend component was an air dried sheet (ADS) manufactured by the Khuan Pun Tae Farmer Co-operation, Phattaluang, Thailand. Ethylene vinyl acetate copolymer (EVA) used as another blend component was manufactured by the TPI Polyacrylate Co., Ltd. (Rayong, Thailand). It was N8038 EVA with 18 wt% vinyl acetate content, melt index of 2.3 g /10 min at 190 0 C and density of 0.941 g/cm3. Dimethyl(methacryloyloxymethyl)phosphonate (DMMMP) monomer used to prepare the NR-g-PDMMMP was prepared according to the previous work [16, 17] .
Preparation of NR-g-PDMMMP
NR-g-PDMMMP was prepared through a two step process. First, the addition of sodium N,N-diethyldithiocarbamate (DEDT) onto epoxidized natural rubber units in a latex medium was carried out according to the procedure previously described [18] . This was to create macroinitiators at 4.0 mol% of N,N-diethyldithiocarbamate groups in the rubber chains (DEDT-NR). Second, the grafting reactions of DMMMP monomer onto NR backbone in a form of DEDT-NR were carried out at room temperature under nitrogen atmosphere in 250 ml reactor equipped with a magnetic stirrer and closed by a screwed stopper with a joint seal covered with Teflon. A UV lamp with a wavelength of approximately 366 nm was used to initiate the grafting reaction. A [DMMMP]/[DEDT-NR] ratio used in this study was fixed at 5/1 with a reaction time of 3 h. After reaction, the polymer was coagulated in methanol, and then dried in vacuum oven for 24 h at 40 0 C. The phosphonated homopolymer was removed by extraction with methanol. The graft copolymer was then recovered by precipitation with ethanol, filtered, and then dried in vacuum oven for 24 h at 40 0 C until a constant weight. 1H-NMR and FT-IR spectroscopy were later used to characterize the graft copolymer.
Blend preparation
The simple blend (i.e., blend without curative) of 50/50 NR/EVA was prepared by melt-mixing in internal mixer with a mixing chamber of 80 cm 3 , a Brabender Plasticorder, model PLE 331 (Brabender OHG, Duisburg, Germany) at 140 ºC and a rotor speed of 60 rpm. Influence of loading level of blend compatibilizer, NR-g-PDMMMP (i.e., 1, 3, 5, 7, 9, 12 and 15 wt% of NR) was studied. Blend formulations and mixing schedule are shown in Table 1 . The blended products were later fabricated by compression molding at 120 0 C for 5 min to prepare specimens for various tests and characterization. 
Dynamic properties
Dynamic properties were investigated by moving die processability tester (RheoTech MDPT, Tech-Pro, Inc., Cuyahoga Falls, USA) with a conical shape die which produces a uniform shear strain on the test specimen. The sample size of 30x30x3 mm was loaded onto the lower die and then the upper die was closed to form a constant volume. The test was performed using a frequency sweep mode in the range of 0.3-190 rad/s, with a constant strain at 3%. This is to assure a linear viscoelasticity of the test. The storage (G´) and loss shear (G˝) moduli, loss factor, tan δ = G˝/G´ as well as the complex viscosity (i.e., η* = 3G*/ω = η˝+iη') of the blends were characterized.
Tensile properties
Tensile strength, elongation at break and tension set properties of the 50/50 NR/EVA blends were measured at 25 0 C according to the ASTM D412 specification using dumb-bell shape (die c) test specimens at a crosshead speed of 500 mm/min using a Hounfield Tensometer, model H 10 KS (Hounsfield Test Equipment Co., Ltd, UK.).
Morphological characterization
Scanning electron microscopy, model JSM-5800 LV (Jeol USA Inc., Peabody, Massachusetts, USA) was used to perform morphological characterization. The samples were cryogenically cracked to produce new surfaces in liquid nitrogen. The fractured surfaces were then etched with toluene to preferential extract the NR phase. The sample was then dried in hot air oven at 40 °C for 48 h. The dried samples were sputter-coated with gold and examined using a scanning electron microscope.
